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SEMICONDUCTING  AND  METALLIC  COVALENT  POLYMERS:.  (CH>x  AND  ITS  DERIVATIVES. 

* 

Alan  G.  M&cDiarmid  and  Alan  J.  Heegej 
Departments  of  Chemistry  and  Physics 
University  of  Pennsylvania 
Philadelphia,  Pa.  19104 


Polyacetylene,  (CH)  ,  is  the  simplest  possible  conjugated  organic  polymer 
and  is  therefore  of  special  fundamental  interest.  It  can  be  prepared  in  the 
form  of  lustrous,  silvery,  flexible,  polycrystalline  films  having  any  desired 
cis/ trans  content  by  catalytic  polymerization  of  gaseous  acetylene,  C^EL. 

The  cis-rich  films  can  be  stretched  easily  at  room  temperature  In  excess  of 
three  times  their  original  length  with  concomitant  partial  alignment  of  the 
(CH)x  fibrils.  Dark  red  gels  of  toluene  in  (C H)n  may  be  prepared  using  a 
lower  catalyst  concentration.^  Highly  porous,  very^ow  density,  "foam-like” 
(CH)' '  can  be  obtained  from  these  gels.^  Both  cis-  and  trans-(CH)x  are  p-type 
semiconductors®  which  can  be  treated  with  a  variety  of  £-  or  n~type  dopants 
with  concomitant  increase  in  conductivity  to  give  a  series  of  semiconductors 
and  ultimately,  "organic  metals.”  This  report  will  be  directed  primarily 
towards  a  description  of  the  more  chemically  oriented  aspects  of  (CH)r?and  its 
derivatives. 

\  1.  Doping  of  (CH)..  Films 


The  various  types  of  dopants  and  doping  procedures,  the  nature  of  the 
(CH)  chain,  and  the  nature  of  the  dopant  in  the  films  will  be  described  below. 
The  terms  "cis"  and  "t  tan  s'*  used  in' conjunction  with  a  doped  film  will  refer 
to  the  principal  isomeric  composition  before  doping  and  does  not  imply  that 
the  isomeric  composition  either  remains  constant  or  changes  during  the  doping 
process. 


1.1.  p-1 


1.1.1.  Dopants  and  Methods  of  Doping.  When  either  cis  or  trans  films  are 
exposed  to  the  vapor  of  electron-attracting  substances  '(j>-type  dopants)  such 
as  Br^,  Ij*  AsFc,  H_SO^,  HCIO^,  etc. 10  they  become  "doped"  with  the  species 
and  their  electrical^  (Table  I)  and  optical^  properties  change  markedly. 


cis-(CH)x 
trans- (CH) 


TABLE  I 


DOPANTS  FOR  (CH)  . 


A.  p-Type  (Electron-Attracting)  Dopants. 


Conductivity 

(ohm-^cm~^) 

25*C 

1.7  x  10“9 
4.4  x  10“5 


trans- (CH(HBr)0<0433 

^£‘[CHC10.02ixC 

trans- (CHBrQ> 23 3x 
cis-[CH(ICl)Q  ..] 


(Continued) 

SEteffe-  >*• 


7  x  10 
1  x  10' 

4  x  10’ 

5  x  103 
5.5  x  102 


TABLE  I  (Continued) 


1.6  x  102 
4.0  x  102 
4.0  x  102 
1.2  x  103 

ca.  7  x  102 
4.0  x  102  . 
ca.2.5  x  101 
1  x  10"1 

1  x  101 

2 

1  x  102 
7  x  102 

9.7  x  102 
2.0  x  102 

ea-  7  x  102 
ca.  3  x  102 
1.2  x  103 
1.2  x  103 


2.0  x  102 
2.5  x  101 
5.0  x  101 
•  8.0  x  101 


a)  ’cis"  or  "trans"  refers  ta  the  pr/ir.cipal  isomeric  composition  before 
doping. 

b)  composition  by  elemental  analysis  except  where  stated  otherwise. 

c)  composition  by  weight  uptake. 

d)  dopant  used:  (SO_F)2.  No  composition  or  analysis  given.  Anderson,  L.R. » 
Pez,  G.P.,  and  Hsu,  S.L. :  1978,  J.C.S.-Chem.  Comm.^  pp.1066. 

e)  by  electrochemical  doping  using  [(n-C^Hg),N]  [PF^]"*.  Nigrey,  P.J. ,  MacDi- 
armid,  A.G.,  and  Heeger,  A.J.:  1979,  unpublished  observations. 


Dopant  pressures  <1  Carr  are  usually  satisfactory.  With  many  dopants  the  con¬ 
ductivity  increases  rapidly  through  the  semicdnducting  regime  to  the  metallic 
regime.  The  concentrations  of  the  dopants  given  in  Table  I  are  generally  the 
mavt T^Hm  or  close  to  the  maximum  value  readily  obtainable.  Doping  can  be  ter¬ 
minated  at  any  degree  of.  lower  doping  level  desired,  with  corresponding  lower 
conductivity.  _ 

Salts  containing  the  (N0)  +  or  (N02)+  ions  also  act  as  good  dopants.2®  For 
example,  the  PFfi  group  can  be  introduced  readily  into  (CH)x  simply  by  treating 
a  (CH)  film  (ca.  852  cis  isomer)  with  a  CH-NO^-CHjClj  solution  of  tha  appro- 
priateXsalt.  Thus,  (N02)+(PFg)"’  yields  golden,  flexible,  highly  conducting 
films  of  [CH(PF6)0  0331x»  C1*®1*  V  with  liberation  of  N02,  viz.. 


ttans-[a(A.r5)0_10]x 
C1J.-[CH(ASF5)0  10IXC 

cis-[CH(SbF6)0_0s]x 

cls-CCHCPFg)^^!* 

=i.-rca(Sba6)0_Q09]l[ 

cIs-[CH(Sba.8)00095]x 

cis-[<HCSbaJ)0_02j]x 

«il-[CH(BF2)0-09]x 

cis-rCHteO^FM  J1 

cis-[CH(C104)0>0645J3C 

clsr[CH(AsF4)0>077]x 

— “  [CH1. 011  0 .11  ]x 

— “  [GH1 . 058  o .  058 5  x* 

cis-(CH(  H2S04)oac6(H20)0>07ol 

Cis-[CH(HClO4)0>127(H2O)0>297] 


B.  n-Type  (Electron-Donating)  Dopants. 


cis-[LlQ  30 (CH)] 
Cisr[Nao>2i(CH)]x 

.cls-[Ko.i6<OB)Ix 
tran3r(Ha02a(CH)  Ix 


(CH)x  +  0.033x(N02)+(PF6r  -*•  [CH(PF6)0  Q33]x  +  0‘033xN02 


Ic  has  been  found  very  recencly  that  (CH)  films  may  be  doped  electrocham- 
ically  either  to  the  semiconducting  or  metallic  regime.3-3  This  is  a  most  im¬ 
portant  development  since  it  opens:  up  a  general,  very  simple,  readily  con¬ 
trollable  means  of  doping  with  a  wide  variety  of  species  which  can  not  be  in¬ 
troduced  by  any  obvious  conventional  chemical  means.  For  example,  it  was 
found  that  when  a  strip  of  (CH)  film  (ca.  852  cis-lsomer)  was  used  as  the 
anode  in  the  electrolysis  of  aqueous  0.5M  KI  solution  with  a  potential  of  9  V. 
it  was  doped  during  ca.  0.5  hour  to  the  metallic  state,  to  give,  by  elemental 
analysis,  (CHIq  q7)  .  It  is  important  to  note  that  the  flexible,  golden-sil-- 
very  films  contained  no  oxygen  (total  C,  H,  and  I  content«*99.82)  and  hence 
had  undargone  no  hydrolysis  and/or  oxidation  during  the  electrolytic  doping 
process.  When  the  (CH)  was  used  as  the  anode  in  the  electrolysis  of  0.5M 
[(n-C,Hg)  ,N]+[C10^]~  i^CH-Clj  at  9  V.,  doping  occurred  during  ca.  1  hour  to 
giva  highly  conducting  (Table  i) ,  flexible  films  which,  by  elemental  analysis, 
had  the  composition  [CH(C104)Q  0645^3c  Lower  levels  obtained  during 

shorter  electrolysis  times  gave  material  having  conductivities  in  the  semicon¬ 
ductor  region.  Similar  results  were  obtained  by  the  electrolysis  of  methylene 
chloride  solutions  of  [(n-C£Hg),N]+[S0,CF.j]  and  [(n-C.H7)^NH]  [AsFg]  both  of 
which  gave  highly  conducting  golden-silvery  flexible  films?  The  former  is 
assumed  £o  contain  the  (SO^CF^)  and  the  latter,  the  (AsF,)  species,  since  ele¬ 
mental  analysis  of  the  film  gave  a  composition  corresponding  to 
[CH(A3F,)0  77]  .  The  (AsF^)  is  probably  formed  by  a  reaction  sequence  in¬ 

volving  proton  abstraction  from  [(n-C^H^^NH’  by  fluorine  atoms  from  AsF^ 
during  the  electrolysis  process.*3 

Rechargeable  storage  batteries  having  a  high  energy  density  per  unit  mass 
have  been  constructed  from  single  (ca.  0.1  mm  thick)  pieces  of  (CH)  film  con¬ 
taining  Lil  sandwiched  between  two  pieces  of  Scotch  tape.  Values  of  VQc  and 
I#c  up  to  3.0  V  aud  5  mA/cm  ,  respectively, ‘have  been  obtained. 

1.1.2.  Nature  of  the  (CH)  Chains  and  Dopant  Species.  Raman  studies  show 
that  the  iodinated  and  brominated  films  should  be  formulated  as  [(OO+FCX^)”^ 
where  X-*Br  or  I-,at  least  a  significant  portion  of  the  halogen  being  present 
as  the  X-”  ion.  The  halogen  partly  depopulates  the  pi  bonding  system  and 
oxidizes" the  (CH)  to  a  polycarbonlum  ion  chain.  This  conclusion  Is  supported 
by  carbon  Is  core  shifts  from  ESCA  studies.  The  (N0)+  ions  are  also  excel¬ 
lent  species  for  oxidizing  the  pi  system  of  (CH)  and  are  capable  of  concomi¬ 
tantly  introducing  anions  which  stabilize  the  pofyearbonium  ion  chains. 10 
For  example,  the  [CH(PF-)n  species  ziven  in  equation  (1)  is  more  appro¬ 
priately  formulated  as  *  ^ 01+0 ’ 033 

The  most  simple  and  general  method  for  simultaneously  oxidizing  the  (CH)^ 
pi  system  and  Introducing  stabilizing  anions  appears  to  be  that  involving 
electrochemical  doping.*3  Thus,  species  such  as  [CH(C10.)q  Qfi45^x» 

[CH(AaF4)0  Q77]  ,  etc.  formed  electrochemical^  as  described  in  Section  1.1.1. 
are  believed 'toXc out a in  the  (C10,)“  and  (AsF^)  ions,  respectively,  although 
the  extent  to  which  charge  transfer  to  the  anionic  species  occurs  may.  be  ex¬ 
pected  to  vary  according  to  the  nature  of  the  dopant.  It  is  interesting  to 
note  that  AgdO,  has  also  been  found  to  dope  (CH)  films  with  (CLO^)  ion, 
although  to  lower  conductivity  levels*®  (ca.  3  oEm“*cm“l)  than  that  obtained 
vith  electrochemical  doping. Tne’ resulting- film  Is  contaminated-  with  metallic 
•liver.  In  this  case,  the  Ag+  ion  acts  *s  the  oxidizing  agent,  viz J, 


(CH)x  +  0,018xAgC104 


[<CH)4O-°1$(C1O4-)0_018]x  +  0.0184, 


Although  most  studies  of  (CH)  have  been  carried  out  on  AsFj-  or  Ij-doped 
films,  the  actual  chemical  form  in  which  the  AsF-  exists  in  the  film  is  still 
not  completely  clear.  When  (CH)  film  is  treated  with  very  pure  AsFj  vapor  in 


a  vacuum  line  pretreated  with  AsFj,  elemental  analyses  for  C,  H,  As  and  F  give 
an  arsenic  to  fluorine  ratio  of  1:5  (Table  The  sum  of  the  elemental 

analyses  is  99. 72  or  better  and  hence  the  film  contains  no  significant  amounts 
of  oxygen.  Fhotoelectron  spectroscopy  also  shows  the  principal  arsenic  spe¬ 
cies  contains  arsenic  and  fluorine  in  the  ratio  of  1:5.  I  ince  epsr-^  and  ^ 
magnetic  susceptibility  studies^  show  the  paramagnetic  radical  anion,  AsF^~ 
is  not  present,  it  seems  that  the  AsF^  might,  be  in  the  form  of  the  previously 
unreporced  diamagnetic  (As^F.^)^  ion.  If  the  (CH(AsF^)  ]  film  is  treated 
either  with  AsF^  vapor  containing  HF  or  is  immersed  in'1  y4^%  aqueous  HF,  then 
elemental  analyses  for  C,  H,  As  and  F  give  an  arsenic  to  fluorine  ratio  of 
1:6  (Table  I).1'  Again,  the  sum  of  the  elemental  analyses  for  all  elements  is 
greater  than  99. 7%.  If,  on  the  other  hand 
for  many  hours  in  a  vacuum  system  containing 


,  the  [CH(AsFj)  ]  film  is  pumped 
ng  possible  traces  of-  air,  elemental 


analyses  corresponding  to  [CHj.  (AsF^OH)  ]  ,  (Table  I) ,  are  obtained^  In  this 
respect,  it  might  be  noted  that^oanysaltfs  containing  the  (AsFj(OH)]”  ion  are 
known.  The  conductivity  of  all  three  types  of  species  is  essentially  identi¬ 
cal.  These  experimental  observations  are  consistent  with  the  reactions  below: 


(CE)x  +  yAsF5  - 

[CH(AsF5)y]x 

(3) 

[CH(AsF5)y]x  +  yHF  + 

CCH^CAaFfip 

(4) 

[CH(AsF5)yJx  +  yH20  * 

[CHl^(AsF50H)y] 

(5) 

The  weak  protonic  acids,  HF  and  HOH,  can  be  regarded  as  combining  with  the 
AsFj  species  to  give  the  strong  protonic  acids,  HH+(AsFg)"’"  and  "H-* (AaF^OH)”", 
respectively,  which  then  dope  the  (CH)  portion  of  the  material  according  to 
equations  (4)  and  (5).^7 

Other  investigators  have  shown  on  the  basis  of  X-ray  absorption  and  infra¬ 
red  data  that  AsF^-doped  film,  of  unknown  elemental  composition,  contains  the 
AsFg”  ion.^1  This  is  in  no  way  inconsistent  with  the  above  conclusions  based 
on  elemental_analyses ;  indeed,  it  supports  the  formulation  of  the 
[QL^CAsFg)  ]  species  given  above.  However,  these  investigators  suggest 
that  the  (AsFV)  ion  arises  through  the  reaction  below  which  Involves  dispro¬ 
portionation  of  the  AsF,j : 

(CH)x  +  3yAsF5  -*•  [GH+27(AsF6)2y]x  +  yAflF3  (6) 

21 

Since  AsF^  is  readily  removed  by  pumping,  the  resulting  material  should  al¬ 
ways  contain  arsenic  to  fluorine  in  the  ratio  of  .1:6.  This  is  in  conflict 
with  the  elemental  analytical  data  for  the  [CH(AsFe)  ]x  material.  Since 
[CH(AsFe)  ]  decomposes  therm  "'ly  with  the  liberation  of  gaseous  HF  and  AsF-, 
it  is  als?_quite  passible  that  [CH(AsF-)  ]  could  be  converted  to 
[QL%(AsF6)  1  according  to  equation  (4^  5y  the  HF  so  formed  under  certain 
conditions  of  handling  or  storage  of  the  As -doped  films. 

1.2.  n-Type  Doping 

Electron-donating,  i.c.,  ’Hi-type"  dopants,  may  also  be  introduced  into 
(CH)  films2  (Table  I)  simply  by  immersing  the  film  in  a  THF  solution  of 
e.g.,  sodium  naphthalide,  viz., 

<CH)x  +  0.21xNa+Npthi  -*■  (NaQ  +  °.21xNpth  (7) 

A  very  large  Increase  in  conductivity  is  noted  but  it  is  not  as  great  as  that 


observed  with  most  j>-type  dopants.  Alkali  metals  may  also  be  introduced  by, 
for  example,  allowing -a  liquid  sodium/potassium  alloy  at  room  temperature,  or 
molten  potassium  to  contact  a  (CH)  film. ^3  A  liquid  sodium  amalgam  will  al¬ 
so  Na-dope  the  film  at  room  temperature. ^3  Preliminary  experiments  indicate 
that  the  (CH)  pi  system  may  also  be  reduced  electrochemically  to  give  n-type 
doping  by,  for  example,  the  electrolysis  of  a  solution  of  Lil  in  THF  using  a 

(CH)  film  as  the  cathode,  to  give  [Li+(CH)“y’]  films. 

x  y  x 

The  (CH)  chain  in  these  materials  may  be  considered  as  a  polycarbanion 
associated  with  the  corresponding  M+  metal  ion.  They  are  extremely  sensitive 
to  air  and  moisture.  This  appears  to  be  a  direct  result  of  the  anionic  na¬ 
ture  of  the  (CH)  chain  and  is  not  directly  related  to  the  presence  of  the 
metal  ion.  Thus  it  seems  likely  that  all  nydoped  (CH)  will  be  highly  reac¬ 
tive  regardless  of  the  attendant  metal  ion,  which  of  course  is  stable  to  air 
and  water.  Treatment  of  Na-doped  (CH)  with  D^O  results  in  partial  hydroge¬ 
nation  of  the  carbon-carbon  double  bonis. ^ 

2.  Synthesis  of  Substituted  Polyacetylenes 

When  ca.  85Z  cis  films  of  (CH)  are  doped  with  bromine  to  compositions 
such  as  [CHBr^  ani  then  partly  aehydrobromiaated  at  150#C,  they  yield  new 
semiconducting ’polymers  in  which  up  to  2QZ  of  the  H  atoms  have  been  replaced 
by  Br.  They  have  the  approximate  composition  [CH.  Br  ]  ,  e.g., 

[CHq  gr}BfQ  These  can  than  be  doped  with  I2  oi:  ^F5  t0  y*e-^  new  highly 

conducting ’organic  metals  such  as  [CH_  gcBr-,  nalt  and 

'“0.82ErO.U(AsVo.l2V  ^pactivsSy!9  °'°S  * 

3.  Photoelectrochemical  Reactions  at  Polyacetylene  Interfaces 

A  chemical  reaction  Involving  a  reduction  process,  e.g., 

S2“2  +  2e“  «►  2S“2  (8). 

can  take  place  with  the  concomitant  production  of  an  electric  current  when  a 
£-type  (CH)^  film,  immersed  in  a  solution  containing  the  oxidized  and  reduced 
forms  0^4an  appropriate  couple,  is  irradiated  with  light  of  appropriate  wave¬ 
length.  In  the  case  of  the'  polysulfide  system,  the  reverse  (oxidation) 
process, 

2S”2  S2~4  +  2e“  (9) 

will  take  place  simultaneously  at  the  counter  electrode,  e.g.,  Pt,  which  is 
not  Irradiated.  The  ions  produced  at  a  given  electrode  then  diffuse  to  the 
other  electrode  and  become  available  for  reuse  at  that  electrode.  The  pro¬ 
cess  is,  therefore,  continuous  as  long  as  the  (CH)  electrode  is  irradiated 
with  light  of  appropriate  wavelength.  4,2 ^  A  definite  photovoltaic  effect 
can  be  observed  (VQC  “0.3  volts  under  Illumination  of  ca,  1  sun)  if  a  fairly 
thick  film  of  tran3-(CH)  is  used  in  order  to  reduce  somewhat  the  otherwise 
high  resistance  of  the  (uH)  electrode.  By  using  a  different  cell  configura¬ 
tion,  described  in  detail  elsewhere, 24,25  aa  open  circuit  current  of  ca.  40  JJ 
amps/cm  may  bo  obtained.  This  will  undoubtedly  be  incr-taf^ed  by  using  par¬ 
tially  doped  (CH)  and  thinner  films.  Since  (CH)  is  a  £-type  semiconduc¬ 
tor,  photogenerated  electron-hole  pairs  become  separated  at  the  (CH)  -elec—  ’ 
trolyte  interface  and  electrons  are  injected  into  the  electrolyte.  x 

Preliminary  experiments  have  been  carried  out^  using  aqueous  solutions 
of  the  couple 

S03'2  +  20H“  t  S0A"2  +  H20  +  2e~  (10) 

with  qualitatively  similar  results.  It  therefore  seems  highly  likely  that  it 
should  be  possible  Co  fabricate  a  variety  of  photovoltaic  cells  using  (CH)^ 


electrodes  immersed  la  aqueous  ox  nonaqueous  solutions  of  appropriate  redox 
couples. 


4.  Conclusions 

It  can  be  seen  clearly  that  (CH)x  is  quite  remarkable  in  that  its  conduc¬ 
tivity  can  be  readily  modified  to  spaa  an  extraordinarily  large  range.  Con¬ 
sidering  possible  polyacetylene  derivatives;,  replacement  of  some  or  all  of 
the  hydrogen  atoms  in  (CH)  with  organic  or  inorganic  groups,  copolymeriza¬ 
tion  of  acetylene  with  other  acetylenes  or  olefins,  and  the  use  of  different 
dopants  should  lead  to  the  development  of  a  large  new  class  of  conducting  or¬ 
ganic  polymers  with  electrical  properties  that  can  be  controlled  over  the 
full  range  from  insulator  to  semiconductor  to  metal.  Furthermore,  there  is 
considerable  potential  for  the  possible  application  of  parent  or  doped  (CH) 
to  the  fabrication  of  various  types  of  electronic  devices,  solar  cells,  etc* 
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